The development of the Drosophila compound eye requires the function of a set of evolutionarily conserved genes. Among these, the Drosophila Pax-6 gene eyeless (ey) plays a major role. ey has been considered a master control gene of eye development in the animal kingdom because targeted expression of ey and vertebrate as well as invertebrate homologs lead to the formation of ectopic eyes in Drosophila. We demonstrate that an intron of the ey gene contains an enhancer that regulates the eye specific expression of the gene in the eye disc primordia of embryos and in the eye imaginal discs of third instar larvae. Moreover, a 212-bp enhancer element is necessary and sufficient for the enhancer function. It is partially conserved in Drosophila hydei and contains putative Pax-6 Paired domain binding sites. We show that several binding sites are required for the eye specific expression, and, therefore, we propose a Pax-6-like molecule to be a positive transactivator for the eye specific ey expression. This transactivator recently has been identified as twin of eyeless, the second Pax-6 gene in Drosophila.
The development of an homogeneous epithelium into patterned units is a poorly understood process. The Drosophila compound eye provides an excellent system to identify cellular and molecular mechanisms regulating these developmental steps. Our knowledge about morphogenesis and neuronal differentiation in eye development has increased considerably during the last years, but much less is known about the initial determinative events. Recent investigations of the early steps of eye development reveal that evolutionarily conserved genes are involved in determining the different eye types in the various metazoan phyla.
The eyeless (ey) gene, which belongs to the group of Pax-6 genes, was shown to be essential for compound eye development (1) . In Drosophila embryos, it is expressed in the eye disc primordia and in the central nervous system (CNS). In third instar larvae, ey expression is visible in the optic lobes of the brain, in several spots of the ventral ganglion, and in the eye imaginal discs, where it is restricted to the undifferentiated cells anterior to the morphogenetic furrow (MF) (1) . Strikingly, targeted expression of ey leads to induction of ectopic eyes in Drosophila, and, also, Pax-6 homologs of mouse, ascidians, and squid have the capacity to activate the program that is responsible for eye formation when misexpressed in imaginal tissues of Drosophila (2) (3) (4) (5) . Therefore, the function of ey͞Pax-6 seems to be conserved in the animal kingdom, and ey͞Pax-6 had been considered to be a master control gene in eye development because it has been identified in species of various phyla and is always involved in eye development (1, 3, 4, (6) (7) (8) (9) .
Recently, a second Pax-6 gene in Drosophila, twin of eyeless (toy), has been isolated (T. Czerny, G. Halder, U. Kloter, A. Souabni, W.J.G., and M. Busslinger, unpublished work). toy is also expressed in the eye anlagen and in the CNS, but its expression starts earlier as compared with ey. Like ey, it is able to induce ectopic eyes when misexpressed in various imaginal tissues of Drosophila, and the formation of ectopic eyes by toy leads to ectopic expression of ey, suggesting a role of toy as a positive regulator of ey expression (T. Czerny, G. Halder, U. Kloter, A. Souabni, W.J.G., and M. Busslinger, unpublished work).
In addition to ey and toy, the genes dachshund (dac), eyes absent (eya), and sine oculis (so), which also are involved in eye development, have shown to be able to induce ectopic eye development in Drosophila (10) (11) (12) (13) . Homologs of these genes also play a role in vertebrate eye development, and, therefore, they seem to be key regulators of eye development as well (14) (15) (16) (17) . This implies not only the conservation of a single gene, but, rather, an entire cascade of genes regulating eye development seems to be conserved from flies to vertebrates, despite the differences in structure and development of various eye types.
Investigations concerning regulatory relationships indicate that these eye specific genes are required at different steps of compound eye development (12, 13, 18) . The normal expression of ey in so and eya mutants indicates a function upstream or independent of these genes and favors a linear pathway during normal eye development (18, 19) . In contrast, ey, eya, and dac activate the expression of each other during ectopic eye formation and suggest, also, the existence of regulatory loops (10) (11) (12) (13) 18) . Studying the regulation of these genes should provide insight into this complex regulatory network.
In the present investigation, we show that an intron of the ey gene targets eye specific expression of the ey gene. Moreover, a 212-bp enhancer element is necessary and sufficient to direct expression in the eye disc primordia. This element contains sequence homologies to the corresponding element of Drosophila hydei. Five putative Pax-6 Paired domain binding sites are located within the enhancer element, of which two are located in the region that is conserved in D. hydei, and mutations of four binding sites destroy the eye specific expression in embryos. Our experiments provide evidence that the eye specific aspects of the ey expression depend on a Pax-6 like molecule, which is most likely toy.
MATERIALS AND METHODS
General DNA Methods. Isolation of DNA from plasmids, restriction endonuclease digestions, gel electrophoresis of The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked ''advertisement'' in accordance with 18 U.S.C. §1734 solely to indicate this fact. DNA, PCR reactions and subcloning of fragments were performed as described by Sambrook et al. (20) . For sequence analysis, a 3.6-kilobase (kb) EcoRI fragment with the complete intron was subcloned into pBluescript KS (ϩ) (Stratagene). Overlapping deletions of this fragment were generated by using the exonucleaseIII-S1 method as described by the supplier (Amersham Pharmacia). DNA was sequenced by the dideoxynucleotide procedure of Sanger et al. (21) . Sequencing was done on both strands of the DNA with the SEQUENASE 2.0 DNA sequencing kit from United States Biochemical. Sequences were analyzed with the HUSAR͞GCG sequence analysis software package from the University of Heidelberg.
Reporter Constructs. All reporter constructs are insertions into the enhancer detection vector HZ50PL (22) . Restriction sites in primers used for subcloning are underlined.
E36 (Fig. 1) . From the original 3.6-kb subclone, a 3.5-kb KpnI fragment (position 99-3,614 in Fig. 2 ) was used. The 5Ј KpnI site is from the eyeless intron, and the 3Ј KpnI site is from the Bluescript polylinker.
Deletion constructs. Various deletions of the 3.6-kb fragment were used for reporter constructs ( Fig. 3 and 4) . 5Ј deletions were cloned into HZ50PL as NotI-KpnI fragments, 3Ј deletions were cloned as KpnI fragments. For D02, the two primers Ey1 (GGCTAAATCGGTACCCTCGTCGCTCAG) and Ey2 (CAACGAATCTAGAATA CCCTTTTATTC) were used to PCR amplify a 212-bp XbaI-KpnI fragment.
Vector cassette constructs. The vector cassette ( Fig. 3 ) was made by introducing two XbaI sites flanking the eye specific element (position 2,499-2,817 in Fig. 2) . A 2.5-kb XbaI-KpnI fragment was amplified by using the primer Ey16 (GTCCGTC-CGTTCTAGAGAACAGTCCC) and a T7 primer and a 0.8-kb XbaI-KpnI fragment was amplified by using the primer Ey12 (TCTAGAT TGTGCTCT TCT TCGT TACT T) and a T3 primer. Both fragments were cloned into the KpnI site of a modified HZ50PL vector whose XbaI site had been destroyed before. The resulting construct B2 (Fig. 3) contains the ey intron without a 300-bp region, including the eye specific element. For construct Bm300 (Fig. 3) , a 320-bp fragment was PCR amplified by using the primers Ey14 (AAGAGCA-CAATCTAGAAAGCTAAAAG) and Ey15 (GGGACTG TTTCTAGAACGGACGGAC) and was cloned into the XbaI site of the B2 construct. The point mutations in B4M (Fig. 4) were introduced one after the other by a three-step PCR amplification by using the primer couples Ey21 (CTTTCCA-ATACACTAGTAAATTGAT)͞Ey22 (ATCAA TTTACTA-GTGTATTGGAAAG), Ey23 (CCTTCCATTTGTCTAGT-CGACCTGAG)͞Ey24 (CTCAGGTCGACTAGACAAATG-GAAGG), Ey25 (GTTTTTCTGCTGTTTCGACGTTCTT CTTTCCAA)͞Ey26 (TTGGAAAGAAGAACGTCGAAA-CAGCAGAAAAAC), and Ey27 (GTATGTATGTATTTT-TCCCTATGTTTTTCTGC)͞Ey28 (GCAGAAAAACATA-GGGAAAAATACATACATAC).
P-Element Mediated Transformation. Germline transformations in cn;ry 506 embryos were performed by using standard techniques (23) . For each reporter construct, several independent transformant lines were generated, balanced, and analyzed.
Antibody and ␤-Galactosidase (␤-gal) Activity Stainings. Antibody stainings of embryos were performed according to Grossniklaus et al. (24) . The mouse monoclonal anti ␤-gal antibody (Promega) was used at a 1:1,000 dilution. The secondary antibody was conjugated with horseradish peroxidase and was used in a 1:500 dilution (Vectastain ABC Kit, Vector Laboratories). ␤-gal staining of imaginal discs was done according to Bellen et al. (25) .
RESULTS
An Intron of the ey Gene Contains the Enhancer for the Eye Specific Expression of the Gene. The finding that the insertions of transposable elements in the ey mutants ey 2 and ey R specifically affect gene expression in the eye disc primordia suggested that the transposable elements might disrupt an eye specific regulatory element (1) . To test this hypothesis, we cloned a 3.5-kb KpnI fragment including the complete intron preceding exon 3, which marks the start of the paired domain, into the enhancer detection vector HZ50Pl ( Fig. 1 A and B) . The expression of a transgene from this construct E36 was compared with ey expression in wild-type embryos. ey expression starts at stage 8 in the CNS. From stage 15 on, the gene is expressed in addition to the brain and the ventral nerve cord in the eye-antennal disc precursor cells ( Fig. 1 C and D) . The lacZ expression of the transgene starts also at stage 15 ( Fig. 1  E-H) and is restricted to the eye-antennal disc precursor cells whereas the brain and ventral nerve cord expression is missing. Additional expression in the region of the dorsal pouch and in the lateral parts of the embryo must be caused by vector sequences because ey is not expressed there ( Fig. 1 E and H) . In third instar larvae, the intron regulates expression in the eye disc, the optic lobes of the brain, and in several spots of the ventral ganglion ( Fig. 1 I and J) . Therefore, the ey intron seems to contain an enhancer for the eye specific expression of the gene in embryos and third instar larvae.
Sequence Analysis of the ey Enhancer. To identify and characterize a minimal enhancer element, we made deletions of the 3.6-kb EcoRI fragment and used them to sequence this fragment completely and to generate shorter reporter-gene constructs to define the enhancer element in more detail. The complete sequence of the 3.6-kb fragment is shown in Fig. 2 . The ey exon 2 is located at the 5Ј end of the fragment, and exon 3, with part of the paired box, is located at the 3Ј end. Recently isolated longer ey cDNAs indicate that the methionine in cDNA D1 (1) does not represent the initiation methionine (U.W., unpublished work). A splice site a few base pairs upstream of this ATG is used to splice exon 1 to exon 2. Therefore, the methionine of exon 1 in cDNA E10 (1) marks the 5Ј end of the ORF, and exon 2 is either spliced in or skipped to generate two different transcripts and protein forms, respectively. We identified the splice form with exon 2 in embryos and larvae, and it seems to be same as the one recently identified in the adult stage (26) . The insertion points of the two transposons Blastopia and DOC occur within 75 bp in the intron. Therefore, Blastopia is generating a 4-bp target sequence duplication (TGTA), and DOC is generating an 11-bp duplication (TTTCTATAAGT).
A 212-bp Enhancer Element Is Necessary and Sufficient for Expression in the Eye Disc Primordia. The transposon insertions mentioned above suggested that the region around the insertion sites might be critical for the enhancer function, but functions of other regions cannot be excluded. To define the enhancer, we made a series of shorter reporter-gene constructs focusing on that region. The extent of all constructs is indicated in Fig. 2 , and the most relevant ones for our analysis are schematically indicated in Fig. 3A . All constructs that contain a 200-bp region around the transposon insertion sites show the same spatial and temporal expression in embryos (Fig. 3 B and  C) and third instar larvae (data not shown) as the original construct E36. In contrast, constructs not harboring this region (5D09 and 3D24 in Fig. 2 ) were negative (data not shown). Therefore, the 200-bp region is necessary for the eye specific expression. To test whether this region alone is also sufficient, we analyzed construct D02 with 212 bp of intron sequences (Fig. 3D) . Also here, expression is visible, albeit a little weaker compared with constructs 3D27 and 5D12. These experiments demonstrate that the 212-bp region is not only necessary but also sufficient for the eye specific expression.
Because of the weaker expression of construct D02 as compared with the other constructs, we decided to further analyze the 212-bp element in the context of the complete intron to allow for possible enhancing effects of adjacent sequences. To do so, we generated a vector cassette by introducing two XbaI restriction sites flanking the 212-bp element a bit further away. This construct, Bm300, shows the same expression pattern as the original construct, E36, in embryos ( Fig. 3E ) and in larvae, demonstrating that the introduction of the restriction sites did not alter the enhancer activity. Again, a construct lacking the eye specific element but this time harboring all of the rest of the original fragment (B2) was not able to generate a pattern (Fig. 3F ) except for single spots in the larval brain (data not shown). It has been shown for several Drosophila genes that sequence conservations in regulatory regions of a gene from distantly related species could be used to identify functionally important regulatory elements. We used this approach and compared the ey intron sequence from Drosophila melanogaster with the corresponding region of the ey gene from D. hydei (T. Eggert, B.H., and U.W., unpublished work). Among other sequence conservations, we identified a region in D. hydei that is 77% homologous to the eye specific element in D. melanogaster (Fig. 4A ). We were interested to know whether the homologous region from D. hydei is able to drive expression of lacZ in the same way as the D. melanogaster sequence. Therefore, we substituted the D. melanogaster eye specific element with a 300-bp fragment from D. hydei covering the homologous region. This construct, Bh300, gives also the expression pattern in the eye disc precursor cells in the embryo (Fig. 3G ) and in third instar larvae (data not shown). This suggests that the important region in the 200-bp element might be located within the conserved region.
Putative Pax-6 Paired Domain Binding Sites Are Required for the ey Enhancer Function. We next asked which gene products might be responsible for the eye specific regulation of ey. It has been shown for vertebrate Pax-6 genes that autoregulation plays an important role at least in some tissues (3); therefore, ey itself might interact with its own enhancer. Because the second Pax-6 gene in Drosophila, twin-of-eyeless (toy), is expressed earlier than ey and seems to act upstream of ey (T. Czerny, G. Halder, U. Kloter, A. Souabni, W.J.G., and M. Busslinger, unpublished work), it is also a good candidate for the enhancer activation. For this reason, we looked for potential Pax-6 Paired domain binding sites (27) within the eye specific element and identified several putative binding sites (Fig. 4A) . Of the five sites identified, two are located on both sides of the DOC insertion site at the ends of the homologous region from D. hydei (Fig. 4A) . The deletion of the left part of the element in construct B18, taking out the most 5Ј site still gives normal staining (Fig. 4 C and D) . Single mutations of the other four binding sites did not destroy the expression in the eye disc primordia of embryos and eye imaginal discs completely (data not shown). We next mutated the four putative binding sites together and, in the context of the complete intron mutations of these sites, abolished the expression in the eye disc primordia of the embryo (Fig. 4C) . In eye imaginal discs, the lacZ expression is reduced to the posterior part of the eye disc (Fig. 4F) as compared with the expression in construct E36 (Fig. 1I) . Therefore, the early eye specific regulation of ey in embryos seems to be mediated through a Pax-6 type protein binding to putative Pax-6 Paired domain binding sites within this ey enhancer element. 
DISCUSSION
A Gene Internal Enhancer Element of 212 bp Is Necessary and Sufficient for Eye Specific ey Expression. In this paper, we describe the identification of a regulatory element responsible for the eye specific expression of the ey gene. This element located in an intron of the ey gene includes, as expected, the transposon insertion sites, which give rise to the ey mutation ey 2 and ey R . The insertion of the transposons seems not to interfere with the general transcription of the ey gene because only the expression in the eye disc promordia in embryos and in the eye imaginal discs of third instar larvae is abolished whereas ey is still normally expressed in the embryonic CNS and in the larval brain. The two alleles ey 2 and ey R , therefore, can be considered as regulatory mutations that are strong hypomorphic alleles of the ey gene. Such gene internal regulatory mutations also have been reported for other genes involved in eye development like, so and orthodenticle (otd). In so 1 mutant flies, a deletion in the 3Ј-most intron affects so expression in eye imaginal discs only whereas the expression in the optic lobe, Bolwig's organ, and the segmental furrows is normal (28) . The otd eye specific allele otd uvi is also attributable to a deletion of a regulatory element affecting otd expression in photoreceptor cells (29) .
A rescue experiment with a construct carrying the ey cDNA under the control of the ey enhancer resulted in a rescue of ey 2 mutant eyes to almost wild-type eyes (19) . This demonstrates that all of the necessary information to rescue this eye specific allele is located within the enhancer fragment. We showed that the intron drives expression of a reporter gene in the eye primordia in embryos from stage 15 on at least up to the third instar larval stage. Moreover, we could narrow down the responsible element to 212 bp, which are necessary and sufficient to regulate lacZ expression in this way, suggesting that this small element contains all of the information needed for the eye specific regulation.
In contrast to the faithful expression in the embryo at later stages in imaginal disc development, the reporter constructs are expressed posterior to the MF whereas ey is normally only expressed anterior to the MF and is down-regulated in posterior regions. Ectopic ey expression with a glass or a sevenless promoter in developing photoreceptor cells posterior to the furrow results in a rough eye phenotype, indicating that down-regulation of ey in response to the hh͞dpp signaling is essential for correct photoreceptor cell formation (19) . The incorrect expression we observe in late stages might be a hint for a second regulatory element that activates expression in front of the furrow and mediates down-regulation posterior to the furrow or might be necessary to maintain the initially correct expression later on. A Pax-6-Like Protein Is Required for ey Enhancer Function. Which genes could be considered as regulators of ey interacting with the eye specific element? ey itself would be a candidate because of the capacity for autoregulation found for other Pax-6 genes. The fact that the ey reporter construct E36 is normally expressed in an ey 2 mutant background rules out this possibility (19) . The best candidate as a positive regulator would be toy for several reasons. toy is expressed earlier than ey in the embryo, it is also expressed like ey in the eye primordia at stage 15 of embryogenesis, and it also has the full capacity to induce ectopic eyes. During the induction of ectopic eyes by toy, ey is activated and required for the formation of ectopic eye structures whereas in ey driven ectopic eyes toy is not expressed (T. Czerny, G. Halder, U. Kloter, A. Souabni, W.J.G., and M. Busslinger, unpublished work). These experiments put toy upstream of ey in the genetic cascade for eye development whereas genes like so, eya, and dac are considered to be downstream in this linear pathway. We therefore looked for putative Pax-6 Paired domain consensus sequences in the ey enhancer and mutated several binding sites within the enhancer element. These mutations abolished the enhancer function in embryos completely, showing that the early eye specific ey expression in embryos depends on a Pax-6 protein other than Ey.
We propose a model in which ey expression is regulated by toy, which might bind to the eye specific enhancer and thereby activate ey. This activation is likely to be part of a linear pathway because ey in turn cannot activate toy. The two genes also have nonredundant functions, as loss of ey activity is not compensated by toy. Besides this linear pathway, there is also regulatory feedback among some genes involved in early eye development. It has been shown that dac and eya activate ey expression during ectopic eye formation. In the case of eya, the reporter construct E36 was used as a marker for ey expression (11) , showing that this regulatory loop acts via the ey enhancer. Because eya is not binding to DNA, this effect might be mediated by so, which can bind to DNA with its homeodomain and also forms a complex with eya. The observed ectopic expression of the reporter constructs in eye imaginal discs posterior to the MF is similar to that of so, eya, and dac. So it seems that construct E36 indeed acts as a target for the factors that are involved in the feedback loop. Whether there is a direct interaction of this complex with the ey enhancer or whether toy is activated first and in turn activates ey is not known. The fact that the mutations affect the ectopic reportergene expression cannot be attributable to a lack of activation by toy because toy is not expressed posterior to the MF. The introduced mutations might also have affected target sequences for the transcriptional complex involved in feedback regulation of ey. This would explain the reduced reporter gene activity in eye imaginal discs of B4M.
Eye specific expression of ey may not be regulated by toy alone because toy is also expressed in the CNS. Additional factors like otd, which confers segmental identity in the anterior head region, are likely to act in combination with toy to define eye identity, and at later stages the pathway certainly has to bifurcate. It will be interesting to reveal the complex interactions of all of these genes and to identify cofactors that are necessary for ey function during eye development.
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